We fabricate and demonstrate on-chip two-mode (de)multiplexing using a tapered asymmetrical grating-assisted contradirectional coupler-based TE 0 and TE 2 mode multiplexer and demultiplexer on the silicon-on-insulator platform. The designed silicon photonic device is composed of apodized grating couplers, a narrow waveguide, a bus waveguide, and an asymmetrical multimode grating-assisted contradirectional coupler. The operation principle of such a mode (de)multiplexer is analyzed according to the coupled mode theory. System experiments of orthogonal-frequency-division-multiplexingbased offset quadrature amplitude modulation (OFDM/OQAM) 256-ary QAM data transmission have been carried out for two-mode (de)multiplexing application at 23.89 Gbit/s. The bit error rate (BER) performance for the signal transmission through the fabricated two-mode (de)multiplexer is evaluated. The optical signal-to-noise ratio (OSNR) penalties of data transmission through the fabricated two-mode (de)multiplexer are less than 2 dB at a BER of 2e À2 (20% forward error correction threshold).
Introduction
On-chip optical interconnects based on silicon-on-insulator (SOI) platform have been considered to be promising solutions to future massively-parallel chip multiprocessors [1] . Due to the rapid growth of traffic in optical communications, recent techniques including multi-carrier multi-level modulation, wavelength-division multiplexing (WDM), mode-division multiplexing (MDM), and space-division multiplexing (SDM) have attracted increasing research interests to extend the transmission capacity for future optical interconnect systems [2] - [4] . SDM, which is regarded as a simple way to increase the transmission capacity for different signals carried by a series of parallel optical waveguides, has been developed for on-chip optical networks [5] . However, for the increased footprint and circuit layout complexity, SDM has its limits for on-chip optical interconnect systems applications. WDM is another straightforward way, which requires multilasers with different wavelengths [6] , and could be expensive for on-chip applications. MDM provides an alternative technique to increase the transmission capacity of optical interconnects.
In MDM systems, low-loss and low-crosstalk mode (de)multiplexer is one of the key components. Various structures have been proposed to realize mode (de)multiplexing. Two-mode (de) multiplexer has been achieved based on multimode interference waveguide [7] , [8] , which requires complicated waveguide cross-section and lacks flexibility to extend for more channels. The design based on Y-splitter [9] , [10] is more flexible to realize low-loss and low-crosstalk mode (de)multiplexer, however, requires large footprints. Mode multiplexers based on asymmetrical directional couplers have been proposed [11] . They have small footprints and high scalability for more mode channels but require precise control of the coupling length and high fabrication accuracy. Recently, a tapered asymmetrical directional coupler [12] with large fabrication tolerance and a multimode grating-assisted coupler [13] that has relaxed coupling strength and length have been proposed. In particular, symmetrical grating-assisted couplers have been reported to be promising wavelength filters in WDM systems [14] , [15] , since that the highly asymmetric coupler permits negligible co-propagating evanescent coupling, and light at resonance wavelength can be completely coupled from one waveguide to its neighbor with sufficient coupling distance.
In this paper, we first theoretically analyze the change of the relevant amplitudes in an asymmetrical multimode grating-assisted contra-directional coupler (AMGACC) by the means of coupled mode equations. Then, an on-chip two mode (de)multiplexer using a tapered AMGACC is experimentally demonstrated. The employed coupler has large fabrication tolerance, and both relaxed coupling strength and length sensitivity. The device is fabricated by a simple process on the SOI platform. System experiments of 23.89-Gbit/s orthogonal-frequency-division-multiplexingbased offset quadrature amplitude modulation (OFDM/OQAM) 256-QAM transmissions are carried out for on-chip two mode (de)multiplexing applications. The bit-error rate (BER) is measured for comprehensive evaluation of transmission performance.
Principle of Mode Coupling in Grating-Assisted Coupler
According to the coupled mode theory [16] , [17] , the change rates of the mode amplitudes in asymmetrical grating-assisted coupler waveguide shown in Fig. 1 are described by the coupledmode equations, which take forms for the four relevant amplitudes as follows:
In these equations, A ; quantify the overlap between the electrical fields of two coupled modes:
A;B 1; describes the coupling between the fundamental mode in single mode waveguide and the th mode in multimode bus waveguide. ! is the angular frequency of light, " 0 is the dielectric constant, n 0 is the waveguide refractive index, and n is the grating refractive index profile. e A y ðx Þ, e B y ðx Þ are the transverse electrical fields of the two involved modes. It can be seen that the non-zero coupling coefficient is determined by electric field overlap integral of the two involved modes under the index perturbation induced by Bragg grating.
Bragg coupling resonance at is determined by phase matching condition
are the effective index of the two coupled modes (fundamental mode in the single mode waveguide and th mode in the multimode bus waveguide), respectively. Ã is the period of the Bragg grating.
Structure of the Mode (De)Multiplexer and Simulation Results
The schematic configuration of the proposed mode (de)multiplexer based on tapered AMGACC is shown in Fig. 2 . The proposed mode (de)multiplexer is composed of narrow waveguide, bus waveguide, tapered AMGACC, and multimode waveguide. The input and output of the proposed mode (de)multiplexer are narrow waveguides used to propagate TE 0 mode. The multimode waveguide is employed to realize simultaneous transmission of different modes (e.g. TE 0 , TE 2 ). The mode excitation process is accomplished by the proposed tapered AMGACC. The width ðW 1 Þ of the single mode silicon waveguide is 450 nm. An adiabatic taper (width W 2 ¼ 1650 nm, length L 1 ¼ 14 m) is employed to realize the transition from the fundamental mode of the single Fig. 1 . Schematic of an asymmetrical grating-assisted contradirectional coupler waveguide. Singlemode waveguide (Access) supports only fundamental mode (mode 1) and grating-assisted multimode waveguide (Bus) supports multimodes (mode ", "). The mode coupling between the narrow single mode waveguide of Input 1 (I1) and multimode waveguide are implemented by a wide tapered waveguide (from W 2 to W 4 ¼ 1750 nm with center width of 1700 nm) with a Bragg grating (period a ¼ 309 nm, duty cycle of 50%) structure. The slot width (s) between Bragg grating edge and the narrow waveguide is 100 nm. As shown in Fig. 2 , TE 0 modes are simultaneously launched into the narrow access waveguides (Input 1, Input 2). The upper narrow waveguide couples with a bus waveguide through the tapered AMGACC. TE 2 mode in the bus waveguide is excited and carries the information of TE 0 mode from Input 1. After the tapered AMGACC, TE 0 mode and TE 2 mode propagate simultaneously in the multimode waveguide. Hence, the mode multiplexer is realized by the tapered AMGACC. Similarly, the mode demultiplexer is achieved by another tapered AMGACC.
The simulation results of the proposed mode (de)multiplexer based on the tapered AMGACC, shown in Fig. 3 , are simulated by a three dimensional finite difference time domain (3D FDTD) method. The mode coupling between TE 0 mode in narrow single mode waveguide and TE 2 mode in the multimode waveguide are shown in Fig. 3(a) and (b) . When the TE 0 light is injected into the access waveguide (I1), the TE 2 mode can be excited contra-directionally in the multimode waveguide with the assistance of Bragg grating. Meanwhile, the TE 2 mode propagating in the tapered multimode waveguide can be coupled back to the backward TE 0 mode of the single mode waveguide. From Fig. 3(a) and (b) , one can clearly see that the mode multiplexer from TE 0 to TE 2 mode and the mode demultiplexer from TE 2 to TE 0 mode are implemented by the proposed tapered AMGACC. The simulated electric field forms of TE 0 propagating through the tapered grating-assisted waveguide (from I2 to O2) are shown in Fig. 3(c) . The electrical fields keep the fundamental mode form while propagating and show adjusted patterns which fit each session of the tapered bus waveguide.
Experimental Setup and the Fabrication of Silicon Photonic Device
The experimental setup is shown in Fig. 4 . At the transmitter side, the output of an external cavity laser (ECL) with wavelength set at 1534.06 nm is modulated by a single-polarization optical IQ modulator. We employ OFDM/OQAM in the experiment due to its high side lobe suppression ratio, which can efficiently carry ultra-high-order modulation. An arbitrary waveform generator (AWG) running at 10 GS/s sampling rate is employed to produce single side band electrical signal. The OFDM/OQAM signal is constructed by 82 subcarriers, in which 78 subcarriers are loaded with payloads using 256-QAM mapping, while four subcarriers are selected as the pilots with 4-QAM loading to estimate the phase noise. For the purpose of channel estimation, we employ 10 training symbols for every 500 payload symbols. Only one polarization is used for the transmission. The OFDM/OQAM 256-QAM signals are amplified by an erbium-doped fiber amplifier (EDFA), and then coupled to the silicon waveguide by apodized grating coupler.
The proposed two-mode (de)multiplexer is fabricated on an SOI wafer with a 220-nm-thick top silicon layer and a 3-m-thick buried oxide layer. The device layout is transferred to ZEP520A photoresist by electron-beam lithography (Vistec EBPG5000+ES). Using electron-beam lithography (EBL) followed by induced coupled plasma (ICP) etching (Oxford Instruments Plasmalab System 100), the designed two-mode (de)multiplexer is formed by the upper silicon layer which is etched downward to 220 nm. The proposed silicon photonic device is composed of apodized grating couplers, narrow waveguide, bus waveguide, asymmetrical multimode grating-assisted contra-directional coupler (AMGACC), and multimode waveguide. Vertical grating couplers are used to couple light in and out of the bus waveguides and they prohibit transmitting TM mode and ensure operation with TE-polarized light only. A fully etched apodized grating coupler is employed to simplify the fabrication progress and tolerate the sensitivity of the etching depth [18] . Fig. 4(a) -(c) exhibits the scanning electron microscope (SEM) images of apodized grating coupler, grating-assisted coupling region, and the zoom-in grating structure. After transmission through the silicon photonic device, the signal is amplified by an EDFA. A variable optical attenuator (VOA) is employed to adjust the optical signal-to-noise ratio (OSNR).
At the receiver side, the optical signal is first mixed with a local oscillator (LO) by an optical hybrid and detected by a typical coherent receiver. Since only one polarization is transmitted on the chip, we use a polarization controller to align the polarization states. The two radio-frequency (RF) signals corresponding to I/Q components are sent into a Tektronix real-time digital oscilloscope and processed off-line with a MATLAB program. The offline digital processing of the received signal includes 1) carrier frequency offset estimation and OFDM window synchronization; 2) fast Fourier transform (FFT); 3) channel estimation; 4) phase noise estimation; and 5) constellation decision and BER calculation. 
Experimental Results and Discussions
Fig . 5 shows the measured typical output spectra after transmitting through the fabricated twomode (de)multiplexer. Light is launched into the silicon photonic device from Input 2 (I2). We measure the spectra from two outputs, i.e., Output 1 (O1) and Output 2 (O2). It is clearly seen that the crosstalk from O2 to O1 is about −22 dB.
We also demonstrate data transmission through the fabricated two-mode (de)multiplexer using 23.89-Gbit/s OFDM/OQAM 256-QAM signals. The BER performance for the signal transmission through the fabricated on-chip two mode (de)multiplexer is shown in Fig. 6 . The observed OSNR penalties of data transmission are 1.9 dB and 1.8 dB at a BER of 2e À2 (20% forward error correction threshold) for I1 to O1 and I2 to O2, respectively. 
Conclusion
In summary, we design, simulate, fabricate and experimentally demonstrate an on-chip two mode (de)multiplexer using a tapered asymmetrical grating-assisted contra-directional coupler. Using the fabricated silicon photonic device formed by apodized grating couplers, narrow waveguide, bus waveguide, tapered asymmetrical grating-assisted contra-directional coupler, and multimode waveguide, we demonstrate 23.89-Gbit/s OFDM/OQAM data transmission through the two-mode (de)multiplexer. The OSNR penalties of OFDM/OQAM data transmission through the fabricated two-mode (de)multiplexer are less than 2 dB at a BER of 2e À2 .
